Measurement of free carnitine and acylcarnitines allows the detection of several inborn errors of metabolism in neonatal screening. Because available data for premature infants is limited, we studied longitudinal changes in acylcarnitine profiles of full-term and preterm neonates over the first 4 weeks of life. One hundred twenty infants were divided into four groups of 30: A, gestational age 22 to 27 wk; B, 28 to 31 wk; C, 32 to 36 wk; and D, 37 to 41 wk. Blood samples spotted on a Guthrie card were taken on days 5 and 28. Additional specimens (groups A and B only) were collected on days 1, 3, 7, and 14. Carnitine and its acyl esters were detected by looking for the precursor ions of m/z ϭ 85 using a PE Sciex API 365 electrospray ionization tandem mass spectrometer. Concentrations of free carnitine and most acylcarnitines were significantly higher in group A compared with group D postnatally. Groups B and C displayed intermediate values. Carnitine levels in infants from group A and B decreased steadily from day 1 to day 7, and recovered up to day 14 in group B only. On day 28 carnitine concentrations had further decreased in group A, while reaching postnatal levels again in group B. Postnatal carnitine levels are higher in very immature preterm infants compared with full-term infants, but become lower on day 28. However, the commonly used metabolite ratios should still allow the detection of inborn errors of metabolism. Determination of acylcarnitines by means of tandem mass spectrometry (MS/MS) is of increasing importance in the screening for disorders of inborn errors of metabolism (1-3). Metabolic screening is also applied to preterm infants, although normal ranges are not yet established. However, carnitine levels in cord blood measured by MS/MS differed between term and preterm infants (4). Another study reported increased postnatal plasma and RBC carnitine levels in preterm infants (5). No sufficient data about dried blood spot acylcarnitine profiles in premature neonates are available so far. Especially in very immature preterm infants, initiation of enteral feeding is often delayed, and total or partial parenteral nutrition is needed for a considerable period of time. Several studies have shown that carnitine levels decrease with total parenteral nutrition in term (6) as well as in preterm infants (7). Therefore, screening for inborn errors of metabolism of preterm infants, e.g. in Germany, is repeated after 2-4 wk, when oral feeding is well established (8). In this study, we investigated carnitine levels longitudinally in premature neonates by means of MS/ MS, including very immature infants (gestational age from 22 wk) during the first 4 weeks of postnatal life to test the need of individual normal ranges for metabolic screening.
Determination of acylcarnitines by means of tandem mass spectrometry (MS/MS) is of increasing importance in the screening for disorders of inborn errors of metabolism (1) (2) (3) . Metabolic screening is also applied to preterm infants, although normal ranges are not yet established. However, carnitine levels in cord blood measured by MS/MS differed between term and preterm infants (4) . Another study reported increased postnatal plasma and RBC carnitine levels in preterm infants (5) . No sufficient data about dried blood spot acylcarnitine profiles in premature neonates are available so far. Especially in very immature preterm infants, initiation of enteral feeding is often delayed, and total or partial parenteral nutrition is needed for a considerable period of time. Several studies have shown that carnitine levels decrease with total parenteral nutrition in term (6) as well as in preterm infants (7) . Therefore, screening for inborn errors of metabolism of preterm infants, e.g. in Germany, is repeated after 2-4 wk, when oral feeding is well established (8) . In this study, we investigated carnitine levels longitudinally in premature neonates by means of MS/ MS, including very immature infants (gestational age from 22 wk) during the first 4 weeks of postnatal life to test the need of individual normal ranges for metabolic screening.
METHODS
Solvents, reagents and internal standards. High-purity grade methanol was obtained from Merck (Darmstadt, Germany). Butanolic HCl (3 M) was prepared from high purity butanol (Merck) and HCl-gas. Stable isotopes used as internal standards were obtained from Neo Gen Screening, Pittsburgh, PA, U.S.A.
Patients and blood sampling. We studied a total of 120 neonates, 68 girls and 52 boys, who were divided into four groups of 30 infants each according to their gestational age: A, 22-27 wk/birthweight 780 Ϯ 170 g (mean Ϯ SD); B, 28 -31 wk/1310 Ϯ 310 g; C, 32-36 wk/1910 Ϯ 140 g; and D, 37-41 wk/3440 Ϯ 350 g. Another 30 healthy term neonates that required a blood sample for other reasons on day 28 (group E), were matched to group D infants, and a dried blood specimen was obtained from excess blood. Infants with severe malfor- mations, metabolic diseases, perinatal asphyxia, or proven bacterial infection were excluded from the study. Blood samples were taken from all infants on the 5th postnatal day during routine neonatal screening. Two drops of blood were spotted on a Guthrie card. Additional dried blood specimens of the same infants were obtained in groups A and B on days 1, 3, 7, 14 (excess blood from blood gas samples or electrolyte measurements) and in groups A and B on day 28 (repeated neonatal screening). Oral feeding was started 4 hours after birth. Preterm infants received either expressed breast milk or a preterm milk formula (Pre Beba, Nestlé, Verey, Switzerland). Enteral feedings were increased daily as tolerated. Additional parenteral nutrition not containing carnitine was carried out for a mean of 20 (group A), 16 (group B) and 7 d, respectively (group C). Informed consent had been obtained from all parents before the study. The study was approved by the Ethical Committee of the University Children's Hospital.
Mass spectrometry. Tandem mass spectrometry was carried out as previously described in detail (1, 2, 4). Briefly, one 3 mm-diameter dot per sample was punched out from a 10 mm-diameter dried blood spot into a vial of a 96-well microtiter-plate. The spots were eluted for 20 min in 100 L of a methanol stock solution containing internal standards. They were evaporated to dryness in a freeze dryer and then 60 L of 3N HCl in butanol were added. The microtiter-plates were sealed and incubated at 65°C in a forced air oven for 15 min. After removal of the seal excess HCl-butanol was evaporated to dryness in a freeze dryer. The derived samples were reconstituted with 100 L acetonitril/water (1:1, vol/vol), containing 0.025% formic acid. A PE Sciex API 365 triple quadrupole tandem mass spectrometer (PE Sciex, Ontario, Canada) with an ion spray source was used for analysis. Acylcarnitines were detected by looking for the precursor ions of m/z ϭ 85. To allow comparisons with reported values, acylcarnitine concentrations were summarized to obtain levels for short-chain, medium-chain, long-chain and total acylcarnitines as described before (4) .
Statistical analysis. The Sudent's t test for unpaired samples was used to test for differences between the individual groups. For the investigation of longitudinal changes in group A, we used the t test for paired samples. Differences were regarded statistically significant at a p-level Ͻ 0.05.
RESULTS
The levels of free carnitine and acylcarnitines on day 5 are summarized in Table 1 . Free carnitine and most acylcarnitines were significantly higher in the very immature infants (group A) than in full-term infants (group D). Concentrations of carnitines in the more mature preterm infants (groups B and C) were still higher than in group D, but the differences were less pronounced and only free carnitine as well as a few individual acylcarnitines reached significance (four acylcarnitines in group B and six in group C).
The combined values of total carnitine, total acylcarnitine, medium-and long-chain acylcarnitines on day 5 were significantly higher in the very immature infants of group A when compared with full-term neonates (Fig. 1) . The levels in groups B and C were intermediate: lower than in group A and higher although not statistically different from in group D.
In the small preterm infants (groups A and B), carnitine levels were determined consecutively on days 1, 3, 5, 7 and 14 
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after birth (Fig. 2) . In group A, free carnitine, total carnitine, and total acylcarnitine continuously decreased over the whole observation period. In group B, total carnitine, free carnitine, and total acylcarnitine increased postnatally, decreased to day 7 and recovered at days 14 (total and free carnitine) and 28, respectively (total acylcarnitine). After 4 weeks, the very immature infants (group A) showed a 50% reduction of all carnitines, while the more mature preterm infants (group B) reached their postnatal values again. Carnitine levels in fullterm neonates (group D compared with group E) were about one third higher on day 28 compared with day 5 (data not shown).
DISCUSSION
The use of new techniques like MS/MS in neonatal screening also requires exact normal values for different subgroups of neonates. Premature infants represent an especially heterogeneous subgroup. Gestational ages may vary from 22 to 36 wk, and individually delayed enteral feedings require a repeated metabolic screening after 2-4 wk. Normal values for free carnitine and acylcarnitines in premature infants published so far are restricted either to measurements within the first postnatal days (5, 7), small numbers of patients (9, 10), measurements at different postnatal ages (11) (12) (13) (14) , or gestational age above 28 wk (15, 16) .
The reported levels of total carnitine (13-31 mol/L), free carnitine (10 -24 mol/L), and total acylcarnitine (3-10 mol/L) in preterm infants have been obtained using different methods that may yield varying results (5, 7, 9 -17) . Some methods underestimate total acylcarnitine and total carnitine due to the loss of long-chain acylcarnitines by extraction (18) . In only one study total carnitine was measured simultaneously in term and preterm infants (22 versus 29 mol/L), and higher levels were found in the latter (5). We also found higher postnatal levels of free carnitine and most acylcarnitines in preterm infants when compared with full-term neonates. More importantly, the differences were markedly higher in very immature children with a gestational age below 28 wk.
It is unlikely that increased postnatal carnitine levels in preterm infants are a result of higher endogenous carnitine production. Decreasing tissue carnitine contents in preterm infants on parenteral nutrition indicate a dependence on exogeneous carnitine supply (19 -21) . Studies on fetal and maternal plasma carnitine levels suggest a major role of transplacental transfer for the fetal carnitine supply (22, 23) . The carnitine transportation capacity of the in vitro perfused placenta exceeds the carnitine accumulation of the fetus by far (24) . Therefore, fetal carnitine synthesis might be theoretically not required. Fetal plasma carnitine levels obtained by cordocentesis decrease during the course of pregnancy (25) as it was also found for cord blood plasma carnitine levels (5). These observations could well explain our postnatal findings.
In full-term neonates, total carnitine concentrations rise within the first postnatal days, mainly due to an increase of acylcarnitine levels (4, 22) . A further increase of carnitine concentrations on day 28 has been reported (26) . Longitudinal studies on preterm infants are rare and inconsistent. Some studies report a decrease in carnitine levels during the first 2 (7, 9) and 3 weeks, respectively (10) , while all concentrations increased in another (15) . The latter finding is unexpected in preterm neonates, since tissue carnitine levels constantly decrease in these infants during the first 4 weeks whereas they rise in full-term neonates (19 -21) . In the present study, different patterns of postnatal adaptation could be found for different gestational age groups. In contrast to the increasing concentrations of term infants, carnitine levels initially decreased in the relatively mature group B of premature children (27-31 wk), but recovered at 2 weeks of age. This recovery was absent in the very immature group A infants.
CONCLUSIONS
In conclusion, very immature preterm infants represent a distinct subgroup of neonates in regard to metabolic screening. Compared with full-term infants, markedly higher carnitine concentrations can be found in the first week. A 50% drop in carnitine levels at the time of a second neonatal screening at 4 weeks of age should be considered normal, although not necessarily physiologic. However, regarding the magnitude of the differences in acylcarnitine concentrations, the commonly used metabolite ratios should still allow the detection of inborn errors of metabolism.
